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J. W. Cary®

ABSTRACT

Sugarbeet seedlings (Beia vulgaris L) may be killed
by Slg)ring frost just as they emerge from the soil.
FPossible solutions to this problem were investigated under
closely controlled laboratory and growth chamber condi-
tions. The seedlings were germinated at different tempera-
tures in contact with solutions containing beth varying
osmotic pressures and compounds known te promote cold-
hardiness in other plants. Following geomination, the
seedlings were frozen in blocks of ice at different mini-
mum temperatures and the degree of injury was noted,

The results indicated that two mechanisms were in-
volved in seedling survival., One was related to the
osmotic potential of the plant sap and the other to the
amount of water in the sap that could be converted to
ice without killing the seedlings. Seedling osmotic pres-
sures could be increased through the solution in contact
with the roots, while the tolerance for ice vould be in-
creased with cool temperatures during germination, These
two factors had a strong positive interaction and could
rednce the normal lethal temperature from —0.5 o —2.5
C. Growth regulators and other compounds that have
been reported to increase cold-hardiness in other plants
were not effective.

Additional index words: Beta vulgaris L., Frost, Os-
motic potential, Freezing, Water relations,

OLD-HARDINESS in dormant perennials has

heen the subject of many studies. Cold injury to
tender plants has had less attention and sugarbeet
(Beta vulgaris L.) seedlings have received almost none,
even though loss from untimely spring frost is an im-
portant economic problem.

The degree of plant injury by frost depends on a
number of factors, i.e.; cooling and warming rates,
relative humidity of air, cold-hardening of plant tis-
sue, energy level of water in the plant, and of course,
the minimum temperature reached by the plant tis-
sue (10). In addition several chemicals have been re-
ported to increase the tolerance of plant tissue to cold
(12). The object of the work reported here was to
test the effectiveness of some of these chemicals and
to learn how beet seedlings respond to some of the
physical factors that are known to affect frost toler-
ance.

MATERIALS AND METHODS

Controlled studies were conducted to develop methods for
preventing extensive death from frost just as the heet seediings
emerge through the soil surface, Seeds were germinated on
paper toweling in closed plastic pans in a constant temperatun:
reom {23 ) or in a temperature controtled box with a diurnal
temperature cycle of 2 C for 5 hours, 15 C for 12 hours, and
3.5 hours for the temperature changes. The toweling was
moisténed with a saturated CaSQ, solution in the case of con-
trols wr with solutions containing the desived level of test
solutes made up from the saturated CaS$0Q, control solution to
form specific treatments.
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When the overall tength of the seedlings was 3 to 5 cm {4 to
7 days old at 23 €}, 15 to 20 from each treatment were placed
in separate aluminum foil pans. These pans were filled with a
saturated CaS0O, solution and placed in a freezing chamber in
& constant temperature room. The freezing chamber was jacketed
in water pumped from a precisely controlled water bath. The
temperature was lowered to 0 C, the solution inoculated with
ice, and the sEs:cm cooled to a predetermined minimum tem-
peratute and held there for 1 hour before rhawing,

The temperature of the blocks of ice which contained the
seedlings was continually monitored and controlled to =+ 0,05 C.
Rates of warming and cooling were held to less than 4 C/hour.
After thawing the seedlings were removed from the pans and
placed on moist toweling in a closed chamber with high humid-
ity and lew light. After 2 or 5 days plant tissue killed by the
frecze had darkened and it was not difficult to count the number
of individual cotyledons, hypocotyls, and roots that survived.

Frost damage may also occur on beet seedlings after they
have emerged from the soil, so (his growth stage was also
studied, Sandy loam soil was leached (0 remove pitrates. Pans
were filled 12-cm deep with 13 kg of the soil and fertilized with
0.5 g of P The soil was moistened with distilled water or with
a solution containing the desired levels of salts, One-hundred
beet sceds were planted in each pan and the pans were placed
in a growth chamber. Each treatment was repeated in three
pans so analysis of variance could he carried out on the results.
The soil was watered daily to replace evaporvative loss. The
light intensity in 1he growth chamber was .58 peinsteins/m* sec
in the photosynthetically active wavelength vange of 400 to 700
1ane,

When the seedlings reached the desived size for fl‘eezing, they
were thinned for umiformity. The lights were turned off and
the temperature in the growth chamber lowered to a predeter-
mined level. lee in the scedlings was then nucleated with snow
or freezing mist. The minimum temperature was maintained for
4t least | hour after all the plants were frozen. Cooling and
warming were done slowly, requiring several howrs on each side
of the low temperature plateau. Two chambers were sometimes
used to bring the scedlings 10 different levels of hardiness, but
for any given set ol comparisons ail Lreatments were frozen in
the same chamber at the same time.

A vapor pressure psychrometer was used to measure the os-
motic potentials of the crushed seedlings and germination solu-
tions. Measurements on sap from presumably identical seedlings
were reproducible within &= 0.5 bar {19),

RESULTS AND DISCUSSION
Pre-emergence Conditions

The first 10 entries in Table 1 provide a compari-
son of the survival of sugarbeet seedlings, which were
germinated in contact with various frost “protective”
agents and then frozen in blocks of ice.

Small amounts of n-ds (n-decenylsuccinic acid) have
been reported to decrease frost sensitivity of fruit blos-
soms by increasing cell water permeability (9). Ab-
cissic acid (ABA) and tetra-butanol have also heen re-
ported to increase cell water permeability (5). Ethrel
(1) has been used to increase winter-hardiness of fruit
trees and CCC [ (2 chloroethyl) rimethylammo-
nium| may sometimes supplement the requirement
of cool temperatures for hardening (7). The herbi-
cide dalapon has heen reported o increase freeze tol-
erance of sugarbeet seedlings (4) but its action may
be linked to controlling the stahility of supercooled
water  (2). Urea and DMSO (dimethyl sulfoxide)
have also been reported to increase the freere toler-
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Table 1. The effect of the external germinating solution on
the temperature at which 50% or more of the sugarheet

- seedling hypocotyls were killed. Roots were killed at slight-
ly warmer temperatures and cotyledons at slightly lower tem-
peratures than these shown for hypocotyls.

T Ing at least 50% death

Oemotic
tantlal

Type of aclutes® ¥ 0,5 -L0 -L,25 -15  ~20 -25
bars o
Cantrol, saiursted Caso, -1 x
H-ds, 100 ppm =1 x
Ethrel, 50 or 104 ppm -1 x
CCC, 45 or 500 ppm =1 x
Dalapon, 7 or §5 ppm -1 %
ABA, 20 ppoa -1 Y
Tatrs batezol -4, 5 X
Urea -3 x
DMEC -3 X
CW200 «B x
Mannltal -8 )
Kol =45 x
NaC; By 0y -4,5 x
KCl -B 3
X, 80, =5 x
NaH; PO, -8 M
Mus0, -8 *
HaBr -B x
Cacly -3 %
KBr -B x
HNO, -8 S
NaCl -8 x
DMEQ -12 X
DMEQ +
CW 200 =6, 5 x
NeBr =6, 5 x
KNG, =6, 3
KNO, 8.5 : x
KClL -5 3 *
HeBr 13 - %
KND, .o-13 x
CW20 =14 x
" When DMS0 wag mixed with salis, it d for app tely 1/ 2 of the total
oamotle potentll,

ance of tissue (8, 12). The GW200 (polyethylene gyl-
col, molecular wt 200) was used to simulate the effects
of certain polysaccharides which are known to be as-
sociated with cold-hardiness (15). Of all these, only
seedlings germinated with the DMSO and GW200
were consistently more hardy than the control.

Olien (15) has shown that some polysaccharides in
barley {(Hordeum vulgare 1.} are associated with cold-
hardiness, possibly because they interfer with ice crys-
tal growth, rendering them less harmful to the plant
tissue. Observations of ice crystal growth in a dilute
CW200 solution on a microscope slide also suggest a

- .-significant interference, causing the ice crystals to
spread slowly with many feathered lobes similar to
‘some of the photographs shown by Luyet (I1). Since
CW200 is taken up by plant roots, one might expect
it“to reduce internal ice crystal damage while plants
{-absorbing a weak salt solutiori might be less resistant
-freeze injury, as ice crystals (at least when growing
:dilute salt solution on a microscope slide) tend to
ice pointed spikes. However as shown in Table
dilute solutions of salts {i.e; Cl, Br, and NO®) were
‘segually. effective as*CW200 in promoting frost toler-
-ance in the seédlings.

‘A review of the literature (10, 13, 18) suggests that
¥e osmotic potentials of plant sap may have been re-
sonsible for the ditferences shown in Table 1. Ex-
mples of these potentials from various germinating
solutions are given in Table 2. The Cl, Br, and NO,
were more effective than SO,, PO, and mannitol be-
ause they are more readily absorbed by the seedlings.
For example, seedlings germinated with 8-bar mannij-

_tol or K380, solutions and then frozen in the mannitol

or K;80, solutions were not damaged by ice tempet-
atures of —1 C. However, seedlings from the same
group frozen at —1 C in the saturated CaSOy solution
were killed, evidently because their osmotic potentials
rose to about —3 bars soon after they were placed in
the CaSO, solution. Initially, the osmotic potential
of all seedlings’ sap was about 1 bar lower than that
of the germination solutions.

As ice crystals form in a solution the solutes are
concentrated in the remaining unfrozen brine, The
amount of ice relative to the amount of unfrozen brine
is determined by the temperature and the amount of
solute in the original solution. During freezing the
vapor pressure of ice is lower than that of supercooled
water, at any given temperature, so ice crystals conti-
nue to grow until they have removed enough liquid
from the solution to raise the solute concentration to
a point where its vapor pressure is as low as the vapor
pressure of ice. Ice then stops forming and the system
is in equilibrium (13).

This is an important concept, for it suggests that
decreasing the osmotic potential of the plant sap may
impart much more cold tolerance to plant tissue than
is commonly supposed. Freezing point depression da-
ta for common solutions show that the freezing point
is lowered about I G for each 12-bar decrease in o0s-
motic potential. Thus ice begins to form in a solu-
tion with an osmotic potential of —3 bars at —0.25 C
and at —0.75 C in one with an osmotic potential of
—9 bars. If a plant is killed as soon as the first ice
crystals form in its sap, the lethal temperature will be
that determined solely by the freezing point depression
from the osmotic potential. On the other hand if
809, of the plant's internal water can separate as ice
before the plant is killed, the temperature may de-
crease well below the freezing point of the plant sap
without causing cell damage. For example freezing
809, of a 3-bar solution decreases the osmotic poten-
tial to —15 bars and so requires a temperature of
—1.25 C to form enough ice to kill the plant
If the initial osmotic potential of the plant sap were
—9 bars, turning 80%, of it to ice would lower
the osmotic potential to —45 bars, requiring a tem-
perature of —3.75 C to kill the plant. Thus for a
plant that cannot tolerate ice, decreasing the osmotic

QSMOTIC POTENTIAL OF PLANT SAP — BARS

[ ¢ -8 . -4 -2 o
Freezing Point Depression Curve
No ce Tolerance -l
LETHAL
TEMP.
°C
-2
-3
0% Ice
Telerance
-4

Fig. 1. The relation between the amount of ice a plant can
tolerate, the osmotic potential of its sap before freezing, and
the temperature at which death occurs.
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Table 2, Thg effect of external germinating solution and temperaturc (W, 23 constant; C, 2 to 15 diurnal cycle) on the tempera-
ture at which at least 509, of the sugarbect seedling hypocotyls were Killed.

Avg

Germination aglution
oamotic

Osmotlo Temperature poteatial

Temperature causing at leagt 50% death

Type of solutea potential  conditions of aap =0, 5 ~1.0 -1.2% -1.5 -2, 0 =23 =3.0
bary bara ec
Control {saturated Cas0,) -1 W -2 x
= 2.3 x
KHNO, 4.5 w -4 x
C -4, 3 x
DMSO -2 W -3 x
c -3 X
KCL -4.5 w -4 X
C -4 .4
Kol -8 w ~10,5 x
= 8.5 x
DMS0 -7 w -8 x
C =10 x
DMSO +
Kel -8 w -9 . x
C -9 X
KC1 =13 W -14, 3 X
c ~15 x

Table 3. The effect of soil solution, air temp&atum, and plant size on the survival of sugarbeet seedlings.

4 true-leaf stage frozen at -5, 5C*

2 true-leaf stage frozen 2t -3,5CT

Cotyledon and 2-leaf stages frozen at -1, 5C1

Treatment Burvival¥ Treatment Survival¥ Troatment Sorvivalt

% % %

Control 6a Control ilz Unhardensd eontrol, 2-lsaf a

Contzrel, N aod K Wb Control, N aod K 35a Unhardened KNGy, «2 bars, 6k
2-leaf

KNGy, -2bara ilh KNOy, -2 bars i5a Hardened control, cotyl e

NH,NQ,, =2 bars 3b NH,NOy, -2 bars A0a Hardened KNO,, -2 bers, cotyl, e

Pretreated 22h Control, rapid thaw Th Unhardensd coatrel, cobyl 6h

CacCly +Nand K, 60 ¢ CacCl, +Nand K, 294 Unberdenad KNG, , -2 bara, 13 ba

-2 bars -2 bars eatyl.

* i Pretreated” gaeds aoalneil iz 1 M NH, NGy bafora plantl
room temparaturs,

N and K indi

the 95% confldence lavel.

potential of the plant sap 6 bars only decreases the
lethal point 0.5 C, but decreasing the sap 6 bars in a
plant that can tolerate 809, ice decreases its lethal
point 3 C.

Using this concept one can plot the family of theo-
retical plant temperature survival curves shown in Fig.
1. These curves illustrate the important interaction
between internal plant ice tolerance and the osmotic
potential of the plant sap before freezing. The con-
cept also lends itself to the interpretation of the re-
sults summarized in Table 1.

The DMSO, being relatively nontoxic, was an ex-
cellent agent for decreasing seedling osmotic poten-
tials, Other solutions, in addition to those listed in
Table 1, were tested too but ions such as CyHyOs,
NH,, Li, and I were all too toxic at concentrations
high enough to be etiective.

Other trials were also conducted in which varying
amounts of n-ds, CCC, ethrel, and ABA were mixed
with the germinating solutions of KCl, KNOs,
CW200, and DMSO. No consistent improvement in
cold tolerance resulted from these additions nor did
spraying these agents on the seedlings a day or even a
few hours before freezing have any measureable ef-
fect. Spraying DMSO on seedlings a few hours before
freczing did have a small effect, but much less than
germinating them in a DMSO solution. Use of high
concentrations of CCC (2,000 ppm) in the germinat-
ing solution did tend to increase cold survival, how-
ever the effect appeared to be primarily of an osmotic
naturc.

It is well known that ¢ool temperatures promote
hardening in some plants (10). Table 2 illustrates the
effect ol @ 2 to 13 C diurnal temperature cycle during

ted foptilization with KNG, .
tHardened” germinated with 5 to 20 C dlurnal cycles, and unhardsnedt asl. 20 C constant temporature, Unbavrdensd 2 true-leaf and herdened coatrol cotyledon
atages were pkme bge, while hardened control and unhardened coiyledon were the same physiological atagas,

¥ Rapid thaw't pana wers removed from the growth chamber to thaw at

1 Like latterg ollowing the means lndicate they were oot different at

germination on seedling freeze tolerance compared
to a constant 23 C temperature during germination.
The cool temperatures lowered the lethal freeze levels
of the seedlings 0.25 to 0.50 C. The mechanism in-
volved is not known. The cool germinated seedlings
were of course, older than the warm germinated ones
since the comparisons were made when the seedlings
were approximately the same size. :

When the results in Table 2 are compared to the
curves in Fig. 1, it appears that the plants germinated
at 23 C could tolerate less than 509, of the water in
their hypocotyls as ice, while the seedlings germinated
with the 2 to 15 C cycle could tolerate more than 50%,
of their water as ice. This is in general agreement
with the work of Samygin and Livshin (17) and it is
important, for the minimum survival temperature de-
creases rapidly as the percentage of ice tolerance in-
creases, particularly at lower osmotic potentials (Fig.
1).

It is possible that the amount of ice the plant tissue
will tolerate depends in part on the osmotic potential
of its sap but the data now available are not complete
enough to decide this point. It was noted in prelimi-
nary experiments using an approach similar to Olien’s
(16) that the formation of ice was responsible for most
of the injury to very small sugarheet seedlings, rather
than the low water potentials and temperatures per
s€,

Postemergence Conditions

The etteets of salt in the root environment of seed-
lings after they emerge into light is quite different
than during the initial germination stage. The seed-
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ROOT |STEM COTYLEDONS | 2 TRUE 4 TRUE
=lem | =lem |IN LIGHT LEAVES LEAVES
) i
o % Lethol Temp.
—tk Q O.P of Sop J-4
-2t 1-6
TEMP g- P.
c AP
BARS
-3 1{-8
-af ©{-10
0 o)
o
5 6 3 20

APPROXIMATE TIME — DAYS

Fig. 2. The relationship between osmotic potential of sugar-
beet seedling’s sap, its physiological age, and the 50% survival
temperature. The solig line and data points are for “normal”
conditions and the dashed curve is an example of how the
survival curve can be altered by decreasing the osmotic po-
tential around the seedling’s root.

lings can only tolerate about —2 bars osmotic poten-
tial in the external solution rather than the —8 bars
ot so that can be applied during germination.

To illustrate some of the differences, results from
three growth chamber studies are summarized in
Table 3. The first section shows the effects of various
salts in the soil on frost survival of beet seedlings.
The control seedlings growing in the low fertility
sand had a statistically significant lower survival rate
than did those grown in the other treatments. These
plants were smaller and chlorotic, indicating N defi-
ciency. The survival at high levels of nitrate salts was
no better than where the soil had received KNOj equi-
valent to 50 kg N/ha at a 15-cm depth (the N and K
control). The high level of nitrate salts (i.e., the 2-
bar solution of KNO; was equivalent to about 800
kg N/ha 15 cm,

Plants grown in the-2-bar CaCly solution fertilized
with N and K showed a statistically significant better
survival than those of all other treatments, which
might be directly attributed to an osmotic etfect. On
the other hand the CaCly was no more effective than
other treatments on smaller seedlings as shown in sec-
tion 2 of Table 8. In this case the unfertilized check
was as hardy as the others, because the residual N in
the soil and the seed were still adequate to support
normal photosynthesis leading to the decrease in os-
motic potential that follows emergence (Fig. 2).

The only treatment in section 2 of Table § statis-
tically different from the others was the control in
which the seedlings were allowed to thaw quickly at
room temperature. Rapid thawing has been noted be-
fore as a cause of tissue injury (6, 13, 14) in various
plant materials that were frozen slowly. Several ex-
planations have been proposed but one possibility,
which has not received any study, is the relatively
rapid rransport of water due to thermal gradients (3).
Even a small thermal gradient in a tiny capillary con-

taining an ice-liquid interface can create large pres-
sure gradients in the liquid phase resulting in flow
of water toward the colder regions and rapid ice crys-
tal growth. Rapid freezing or thawing may cause mi-
cro-thermal differences in the tissue at temperatures
near the freezing Eoint where this type of liquid trans-
fer occurs so quickly.

Section $ in Table 5 illustrates the effect of cool
night temperatures during germination on the hard-
ening of beet seedlings. The results are in agreement
with those in Table 2, however in this case the cool
night seedlings are compared with warm germinated
plants of both the same size and the same age.

Practical Aspecis

Figure 2 summarizes the results presented in this
paper. Sugarbeet seedlings growing under normal
springtime conditions with some cold nights will have
a 509, frost survival curve similar to that shown by
the solid line. The osmotic potential of the plant sap
is correlated with survival and may be scaled to the
same curve. The osmotic potential of germinating
seedlings can be increased under contreolled condi-
tions so that the survival curve is modified as shown
by the dashed line. This could have important con-
sequences because most beet seedlings are killed by
frost just as they are emerging through the soil sur-
face. Lowering their lethal temperature by 1 C might
often save them because even during a hard freeze
the temperature just below the soil surface is buffered
by the release of latent heat from freezing soil water.
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